[1] The impact of microbial system variability on the biodegradation and transport behavior of a model solute, salicylate, was investigated with a series of miscible displacement experiments. Four systems of increasing complexity were employed: a sterilized, well-sorted sand inoculated with a single bacterial isolate, a sterilized soil inoculated with the same isolate, and two soils, each of which contained an indigenous multiple-population community of bacteria. The experiments were conducted in replicate (three or four experiments per set) and with paired controls. The biodegradation and transport behavior of salicylate exhibited a small degree of variability among the replicates for the two inoculated systems and a relatively large degree of variability for the two indigenous systems. The greater variability observed for the two indigenous systems is attributed primarily to greater variability of microbial system properties, such as initial cell density, metabolic status, and community composition. Values for maximum specific growth rate coefficient, mean lag time, and lag time variance were determined by model calibration to the measured breakthrough curves and compared to values obtained from batch experiments. Reasonable correspondence was observed between the two sets of values for both the inoculated and indigenous systems. The maximum specific growth rate coefficient exhibited a relatively small degree of uncertainty for all four systems, whereas greater uncertainty was associated with the lag time mean and variance. The variability in calibrated parameters among each set of replicate experiments was significantly greater than the uncertainty associated with the individual experiment calibrations and the measured input parameters. These results illustrate that variability inherent to natural microbial systems can cause variability in transport behavior even under controlled laboratory conditions and concomitantly enhance the uncertainty of biokinetic parameters obtained from laboratory studies. 
Introduction
[2] Characterizing the transport behavior of biodegradable compounds is critical to evaluating their long-term fate in the subsurface and for the use of bioremediation and naturalattenuation-based methods to remediate contaminated sites. One major challenge is the variability of microbial, chemical, and physical system properties, and the level of effort required to adequately characterize that variability. The question of system variability is especially pertinent to situations for which microbial processes are significant, given the variability inherent in biological systems. This variability greatly influences site characterization, risk assessment, and mathematical modeling.
[3] Mathematical modeling is an integral component of site characterization, risk assessment, and remediation system planning and performance evaluation. The issue of parameter uncertainty is central to all mathematical modeling activities. Parameter uncertainty, and the resultant uncertainty in model output, has long been investigated for modeling flow and nonreactive solute transport in the subsurface. Conversely, the impact of uncertainty in reaction-related parameters on contaminant transport modeling has only recently begun to receive full attention [e.g., Steinberg et al., 1997; Abbaspoura et al., 1998; McNabb and Dooher, 1998; Tebes-Stevens and Valocchi, 2000; Thornton et al., 2001] . Parameter uncertainty issues are particularly relevant to the transport of biodegradable contaminants, as the coupling of hydrodynamic, chemical, and microbiological processes results in significant complexity, with numerous sources of variability and attendant uncertainty in associated parameters.
[4] Laboratory studies, using samples collected from a site, are often conducted to characterize contaminant biodegradation and transport behavior in support of site remediation activities. These studies also serve as sources of biokinetic parameters (degradation rate coefficients, microbial growth coefficients) used for field-scale modeling efforts. The representativeness of laboratory-derived biodegradation measurements for field-scale applications is a critical issue [e.g., Madsen, 1991; Chapelle et al., 1996] that has yet to be fully resolved. In addition, while the sensitivity of model output to biokinetic parameter variability has been examined to some extent [e.g., Chen et al., 1992; Brusseau et al., 1999; Tebes-Stevens and Valocchi, 2000] , the degree of uncertainty associated specifically with laboratory-determined biokinetic parameters has received scant attention.
[5] Parameter uncertainty results from at least three major sources, the model calibration process, measurement uncertainty, and sample variability associated with spatial and temporal variability of field-scale properties. The latter factor, while of great significance, is beyond the scope of this study. Model calibration can contribute to parameter uncertainty through issues such as parameter cross correlation and nonuniqueness of solutions, and the use of inappropriate models. The influence of model calibration on biokinetic parameter uncertainty has been discussed for batch [Grady et al., 1996; Liu and Zachara, 2001] and column Li et al., 2001] systems. Measurement-associated uncertainty is likely to be of especially great significance for microbial systems, incorporating the effects of factors such as variability in metabolic status, conditionspecific sensitivity, intrapopulation variability, and community heterogeneity and dynamics, in addition to typical measurement errors. The impact of microbial system variability on the uncertainty of laboratory-determined biokinetic parameters does not appear to have been examined to any great extent, especially for column-based experiments. This is illustrated by the fact that experiment replication was not employed in the vast majority of column-based biodegradation studies reported in the literature.
[6] Laboratory biodegradation studies are typically conducted using either batch or column methods. The correspondence of results obtained with the two methods, or lack thereof, is another issue of interest. Comparisons of batch and column results are often evaluated in terms of biokinetic parameters. The few studies that have investigated this issue have produced conflicting results in that similar biokinetic coefficients have been obtained in some cases, but not in others [Angley et al., 1992; Estrella et al., 1993; Kelly et al., 1996; Langner et al., 1998; Li et al., 2001; Park et al., 2001; Phanikumar et al., 2002; Alshafie and Ghoshal, 2003] . The observed differences between batch and column parameter values have been attributed to several factors, including differences in hydrodynamic conditions, substrate supply, and nutrient availability. The comparison of batch and column results can be complicated by the use of simplified models, such as those based on first-order degradation, that are often employed to represent biodegradation processes. The biokinetic parameters associated with such models are generally composite terms, incorporating the influence of multiple properties and processes, some of which are likely to vary from one experiment to another, as well as between batch and column systems. In addition, microbial cell densities and cell elution are often not measured for column studies. Thus the impact of microbial population dynamics on biodegradation and transport is unknown, and the resultant biokinetic parameters are ill defined.
[7] The purpose of this study is to investigate the impact of microbial system variability on the biodegradation and transport behavior of a model solute for systems of defined and increasing complexity. Miscible displacement experiments are conducted in replicate, with paired controls, and incorporate analysis of cell mass balances. The variability and condition dependency of biokinetic parameters obtained from calibrating a transport model to the column data is evaluated. In addition, the correspondence between values determined from batch and column methods is assessed.
Materials and Methods

Materials
[8] Four systems of increasing complexity were employed for this study: a well-sorted sand inoculated with a single bacterial isolate, a soil inoculated with the same isolate, and two soils, each of which contained an indigenous multiple-population community of bacteria. The wellsorted (20/30 mesh) natural sand used for system one was Accusand (Unimin Corp.). The soil used for systems two and three was a loamy sandy soil (Hayhook) with a relatively low organic carbon content (0.4%), collected locally in Tucson. The soil used for system four was an 80:20 mixture of a sandy, low organic carbon content soil (Vinton) and a higher organic carbon content soil (Mt. Lemmon), both collected locally. This mixed soil will be referred to hereafter as Vinton-M. Pertinent properties of the three porous media are presented in Table 1 .
[9] The chemicals used in this study were purchased from Sigma Chemical Co. (St. Louis, Mo). Salicylate was used as the biodegradable tracer and pentafluorobenzoic acid (PFBA) as the nonreactive tracer. A phosphate-buffered C-salicylic acid (ring-labeled), with a measured specific activity of 5.9 mCi/mmol (>95% purity), was also purchased from Sigma Chemical Co.
[10] A pure culture of Pseudomonas putida RB1353 was used as the inoculum for experiments conducted with Accusand and for selected experiments conducted with Hayhook soil. This isolate contains the NAH plasmid that encodes genes for the degradation of naphthalene and salicylate, as well as a selectable antibiotic (Kanamycin) resistance marker. This culture was kindly provided by Robert Burlage (Oak Ridge National Laboratories, TN). The two soils, Hayhook and Vinton-M, contain an indigenous community of bacteria, a fraction of which can degrade salicylate.
[11] All system components and materials (except for soils used for indigenous system experiments) were sterilized prior to each experiment. Specifically, Accusand was autoclaved for 60 min, whereas the Hayhook soil subsamples used for the inoculated experiments were autoclaved 30 min for four consecutive days. The tubing, pump, and other components used for the miscible displacement experiments that could not withstand autoclaving were sterilized by treatment with a 2% bleach solution for a minimum of 30 min, followed by treatment with sterile 0.01% Na thiosulfate solution, used to neutralize the bleach, and a final treatment with sterile, distilled, deionized water. All glassware and solutions were sterilized by autoclaving, except for the salicylate solutions, which were filter-sterilized using a 0.2-mm filter.
Batch Experiments
[12] Batch experiments were performed to determine biodegradation/growth parameters, including maximum specific growth rate coefficient (m max ), half saturation constant (K c ), mean lag time (t lag ), and variance of lag time (s lag ). These studies were performed for a range of salicylate concentrations and for each microbial community used, RB1353 and the two indigenous communities associated with Hayhook and Vinton-M soils. Salicylate solutions were mixed with inoculum in 250-mL Erlenmeyer flasks with threaded caps lined with rubber septa. The threads were wrapped with teflon tape to ensure that the flasks were airtight. Samples were collected periodically to monitor the temporal decline in aqueous salicylate concentrations. These experiments were performed three separate times, in triplicate each time.
[13] The RB1353 pure-isolate solution was prepared by growing a 24-hour preculture from one isolated colony on a streak plate, followed by growing a 48-hour culture in Luria Broth. The solution was amended with 100 mg/L Kanamycin (LBK) to select for RB1353 and eliminate other potential bacteria present. The cultures were harvested in late stationary phase. The cells were pelleted by centrifugation, resuspended in saline to dissolve attached carbon, repelleted, and finally suspended in MSB solution. Concentrated RB1353 inoculum was added to the salicylate solutions to achieve the desired cell density of 10 7 CFU/mL (CFU = colony forming units). The Hayhook and Vinton-M soil inoculums were prepared by saturating the soils with MSB solution, followed by a 96-hour incubation period to allow the indigenous community to acclimate. Wet soil (equivalent to 10 g dry soil) was added to the flasks, followed by sufficient salicylate solution to achieve a final aqueous volume of 20 mL with the desired concentration of salicylate.
[14] Aqueous concentrations of salicylate were analyzed by two methods, depending on the initial aqueous concentration and the presence or absence of dissolved organic carbon. A UV-Vis spectrophotometer (Hitachi, Model U-2000, Danbury, CT), at a wavelength of 296 nm, was used for experiments with low dissolved organic carbon and initial concentrations of 20 mg/L or greater (RB1353 batch experiments and RB1353-inoculated Accusand column experiments). For the remaining experiments, salicylate solutions were spiked with 14 C-salicylate to allow analysis by liquid scintillation. Samples from batch slurry systems or column effluent were centrifuged for 10 min at 10,000 Â G to separate suspended soil particles and bacterial cells, including those containing 14 C. It was assumed that any remaining 14 C in the supernatant was 14 C-salicylate, based on the results of preliminary tests which showed no measurable production of intermediates. A 1-mL sample of the supernatant was analyzed for radioactivity using a liquid scintillation counter (Model 1600TR Packard Instrument Company, Meriden, CT).
[15] The cell yields (Y) were determined separately from the biodegradation studies discussed above. For RB1353, a concentrated solution of cells was inoculated into 1 L of a 50 mg/L salicylate solution in a 2.8-L flask and placed on a shaker. Salicylate was added to the experimental flask two more times, such that the total mass of salicylate added was 150 mg. Small samples of solution were collected periodically to monitor salicylate loss. After complete degradation of the third addition of salicylate, the solution was centrifuged in aliquots in a 250-mL centrifuge bottle, and the supernatant was decanted after each centrifugation event. The pellet remaining after the four centrifugation events was dried and weighed to determine final cell mass. A control, to account for potential growth due to residual carbon remaining in the cells, was conducted by inoculating the same amount of cells into MSB solution (no salicylate). These experiments were performed in duplicate.
[16] The cell yield for the indigenous soil communities was determined using 14 C-salicylate-spiked solutions to track the fate of carbon in the system. Soil and spiked salicylate solution were added to specially designed flasks. Evolved CO 2 (including 14 C-CO 2 ) was collected in upright tubes containing 1N potassium hydroxide (KOH) sealed in the flasks. It was assumed that all initial salicylate had been consumed to produce new cells or CO 2 when salicylate reached nondetectable levels. Samples were taken from the KOH tubes and analyzed for 14 C-CO 2 using a liquid scintillation counter. The mass of C produced as cells was determined as the difference between initial C (as salicylate) and total C evolved as CO 2.
[17] The results of the batch biodegradation experiments were used to obtain cell growth curves for the three microbial communities, and data from these curves were used to determine all of the biokinetic parameters except for cell yield. The cell growth curves were generated by calculating the mass of cells produced at each sampling time, which is the product of the amount of salicylate degraded and the final cell yield (mass cells produced/mass salicylate degraded). Specific growth rate coefficients for each concentration were computed as the slope of the linear portion of the cell growth curve plotted as natural log of cell counts (ordinate) versus time (abscissa). This slope was calculated from a linear regression analysis of data from all three triplicate flasks. The maximum specific growth rate coefficient was determined using the Lineweaver-Burk method [Bailey and Ollis, 1986] , a linearized Monod growth equation (r 2 values of 0.96 and greater were obtained). The half saturation constant was determined as the substrate concentration corresponding to a specific growth rate coefficient that is half of the maximum value. The mean lag time (t lag ) was determined by calculating the intercept of the tangent line to the exponential growth curve (as determined from the linear regression). The lag time variance (s lag ) was calculated from the standard deviation associated with the slope and intercept of the regression line. As such, it is a measure of the variability of the mean lag time among the triplicate flasks as well as among the community in each flask.
[18] Sorption experiments were performed in batch systems containing sterilized soil slurries for five aqueous concentrations of salicylate (1, 5, 20, 50 and 100 mg/L) spiked with 14 C-salicylate. Soil was sterilized by oven drying at 105°C for three days. One gram of sterilized soil was added to a sterilized test tube, followed by addition of two mL of salicylate solution. These systems were allowed to equilibrate for 24 hours on a shaker table. Subsamples from each tube were vortexed in a microcentrifuge at 14,000 Â G for 10 min, and the supernatant was analyzed for aqueous 14 C-labeled salicylate as described above.
Miscible Displacement Experiments
[19] Miscible displacement experiments were conducted with a nonreactive tracer to characterize the hydrodynamic properties of the packed columns. Experiments were conducted with salicylate and sterile porous media to evaluate sorption and potential abiotic loss processes. Five sets of experiments were conducted to evaluate biodegradation and transport of salicylate under a range of conditions. One set of experiments comprising four replicates was conducted using sterlized Accusand media inoculated with RB1353. Another set of four replicate experiments was conducted using sterilized Hayhook soil inoculated with RB1353. One set of four replicate experiments was conducted using nonsterilized Hayhook soil with its natural indigenous microbial community, and another set of three replicate experiments was conducted using nonsterilized Vinton-M soil (indigenous system). Each experiment for these four sets was conducted simultaneously with a paired control, for which all conditions were as identical as possible with the exception that the injection solution contained MSB but no salicylate (i.e., a total of 30 experiments were conducted, 15 with salicylate and 15 with MSB). All of these experiments were conducted using a flow rate of 0.3 ml/min, which is equivalent to an average pore water velocity of approximately 10 cm/hr. The salicylate injection concentration was 20 mg/L. The initial cell densities are reported in Table 2 . A fifth set of experiments was conducted with the RB1353-inoculated Accusand system, wherein the salicylate injection concentration, pore water velocity, and initial cell density were varied. The specific conditions for these experiments are listed in Table 3 .
[20] For the systems inoculated with RB1353, 200 g of sterilized porous media were inoculated with 10 mL of inoculum to produce an initial cell density of approximately 10 7 CFU/g dry media. The indigenous soil systems were prepared as described for the batch biodegradation studies. The porous media were subsequently packed into glass columns (15 cm length, 2.5 cm diameter) under a laminar flow hood using aseptic techniques.
[21] The packed column was connected to a piston displacement pump using teflon tubing. For all experiments, excluding the controls, MSB solution was pumped through the column for approximately 22 hours ($15 pore volumes), followed by approximately 17 pore volumes of salicylate solution. The solution reservoir was sparged with oxygen for all experiments to eliminate potential oxygen constraints within the system. Effluent samples were collected continuously in culture tubes using a fraction collector. Each tube was amended with 1N sodium hydroxide to prevent salicylate degradation.
[22] Effluent samples were collected periodically during each experiment to measure bacterial cell elution. These For the Accusand system, cell densities at the onset of substrate introduction are lower than the reported initial cell densities due to cell elution during the column saturation process (see text). Values in parentheses denote 95% confidence intervals. Cell densities at the onset of substrate introduction are lower than the reported initial cell densities due to cell elution during the column saturation process (see text). Values in parentheses denote 95% confidence intervals. samples were collected in sterile microcentrifuge tubes. Serial dilutions were performed immediately, followed by plating on nutrient agar. Samples of the porous media were collected prior to and after each miscible displacement experiment to determine initial and final cell densities. Three subsamples were collected from the soil reservoir during packing of the column. Following each experiment, samples were collected in duplicate from both ends of the column and at two locations, 5 cm and 10 cm from the influent end of the column (i.e., a total of eight samples were collected from four locations within the column). A 9.5-mL aliquot of a 0.85% saline solution was added to approximately 1.3 g of wet sand or soil, and the slurry was vortexed for 1 min to transfer the cells into solution. Serial dilutions of this solution were plated on nutrient agar.
[23] Viable cell counts were obtained by plating serial dilutions of samples, in triplicate, on nutrient agar (LBK) plates for the inoculated systems, or on both salicylate-MSB agar (100 mg/L salicylate, 100 mg/L cycloheximide, MSB, and noble agar) plates and R2A plates for the indigenous systems. The two sets of plates were used for the indigenous systems to obtain measures of salicylate degraders and total heterotrophic bacteria, respectively. These measurements are assumed to provide a conservative estimate of total active populations, given the possible existence of viable but nonculturable bacteria in the indigenous systems.
[24] Cell mass balance calculations were performed for all of the miscible displacement experiments. The initial and final numbers of cells present in the column were calculated by multiplying the mean initial and final cell densities by the mass of dry porous media packed into the column. Total cells eluted, and cells eluted prior to and during salicylate injection, were determined by integrating under the cell elution curve. Population growth (G) was calculated as the difference between the sum of the number of cells eluted during salicylate injection (E pulse ) and those remaining in the column (R) and the initial number of cells in the column (I), corrected for the number of cells eluted during the presalicylate flush (E pre-pulse ), normalized by the number of initial cells: G = [(R + E pulse ) À (I À E pre-pulse )]/I.
Mathematical Modeling
Governing Equations
[25] A one-dimensional, steady state flow, advectivedispersive solute transport model incorporating cell growth/ decay, microbial lag, inhibition, and cell transport was used to analyze the measured breakthrough curves [Brusseau et al., 1999; Li, 2001] . The governing equations are
where the following nondimensional parameters are defined as
where the coefficients are defined in the notation section. A second-order upwind finite difference method [Colella, 1990] was applied to the advection term of equation (1), and a regular second-order finite difference method was applied to the dispersion term of equation (1). An Adam-Bashforth three step method was used for solving the ordinary differential equations. The governing equations were solved under standard initial and boundary conditions:
A three-phase linear growth model proposed by Buchanan et al. [1997] , which assumes the microbial population comprises a normal distribution of lag times, was used to represent lag. Once a threshold concentration (C ind , required for induction of metabolic processes) at any node within the system is achieved, a 'timer' is turned on for that node. The mean and variance of lag time are then used to calculate the number of cells emerging from the lag phase at any one time step, using the following equation:
These cells are added to the number of metabolizing cells at that node and then substrate consumption is computed.
[26] Several assumptions are employed in the derivation of these equations and their application to the experiments conducted herein. The substrate is assumed to be readily available to the biomass (no bioavailability constraints), with uptake from the solution phase only. These assump-tions are valid given that salicylate is not subject to significant sorption by the porous media. Inhibition associated with higher substrate concentrations was not employed, based on the results of the batch experiments and the range of salicylate concentrations used for the miscible displacement experiments. As will be discussed below, cell transport and elution was not significant for the Hayhook and Vinton-M soils, and thus had no measurable impact on biodegradation and transport of salicylate in the Hayhook-inoculated system and the two indigenous systems. It was therefore unnecessary to simulate cell transport for these three systems, as confirmed by the results of preliminary sensitivity analyses. Conversely, cell transport and elution was significant for the RB1353-inoculated Accusand system. Given that this system is relatively simple and well defined, the impact of cell transport for this case is accounted for using a simplified ''cell loss'' term, in place of explicit cell transport equations. This term was obtained by converting the measured cell elution data into a ''cell loss'' function that is time-dependent. Bacterial retention for the Accusand system was most likely governed by a single mechanism, as discussed below. Thus the cell loss term in this case is essentially a single-retentionprocess function. This simplified approach for representing the effects of cell transport was adequate for the RB1353-inoculated Accusand system. This approach, however, would generally not be satisfactory for more complex systems wherein cell transport is significant.
[27] Subsurface environments typically contain complex microbial communities composed of multiple populations of bacteria and other microorganisms. Thus it is reasonable to expect that more than one member of the community may be capable of degrading a given solute [e.g., Chen et al., 1992; MacNaughton et al., 1999; Bodour et al., 2003; Roling et al., 2004; Katsivela et al., 2005; Wang et al., 2005] . Such is the case for the two indigenous soil systems used in this study. It is also reasonable to expect that each population may have its own affinity and utilization rate for that solute. However, a single set of biokinetic coefficients is typically used for modeling biodegradation processes, even for systems that contain multiple populations capable of degrading the solute of interest. In essence, it is assumed that the activities of multiple populations of degraders can be represented with a single suite of biokinetic parameters. While it may be preferable to explicitly represent the activity of each individual population, this is rarely feasible due to a lack of sufficient information. The simplified approach is used herein.
Parameter Determination
[28] The mathematical model was calibrated to the breakthrough curves obtained from the miscible displacement experiments, optimizing values for m m , t lag , and s lag . The optimization process was monitored to ensure that global minimums were attained and that the optimized values were not dependent on initial values. The calibrated values obtained for the three parameters will be compared to the values obtained from the batch experiments.
[29] Values for all other input parameters were determined independently. Porosity, bulk density, and pore water velocity were measured for each experiment. Dispersivities were determined by calibration of a simple one-dimensional advection-dispersion model to the nonreactive tracer breakthrough curves. Initial cell densities were determined for each experiment as noted above. The values for these parameters are listed in Tables 1 -3 . Values for K d were obtained from the batch sorption experiment and the miscible displacement experiments conducted under sterile conditions. Values for K c and Y were obtained from the batch experiments (see Table 4 ). The biomass decay coefficient was set to 0.001 d À1 based on values reported in the literature. Preliminary simulations showed that model output was insensitive to this term for values less than approximately 0.1 d
À1
. This is not unexpected given the conditions associated with the experiments, and is consistent with the results of prior studies [e.g., Chen et al., 1992; Brusseau et al., 1999; Tebes-Stevens and Valocchi, 2000] . The C ind was set to 0.1 mg/L, based on the results of the batch studies.
Results and Discussion
Sorption and Biodegradation Batch Studies
[30] Sorption of salicylate by Accusand was found to be negligible, consistent with the results of prior studies . Sorption of salicylate by Hayhook and Vinton-M soils was adequately represented by linear isotherms over the range of concentrations used in this study. The isotherms yielded sorption coefficients of 0.08 and 0.28 (L/Kg) for Hayhook and Vinton-M, respectively.
[31] The cell growth curves for all three systems exhibited typical behavior wherein a lag phase was followed by a period of exponential growth (data not shown). The relationship between specific growth rate coefficient and initial substrate concentration was well described with the Monod equation. A smaller specific growth rate coefficient was obtained at the 100 mg/L salicylate concentration for the Hayhook system, indicating possible inhibition effects above 50 mg/L, which is greater than the C 0 used for the miscible displacement experiments.
[32] The biodegradation/growth parameters determined from analysis of the batch data are presented in Table 4 . The maximum specific growth rate coefficients are similar for all three systems. Conversely, the half saturation constants are substantially lower and the yield coefficients are larger for the Hayhook and Vinton-M indigenous commu- 
Tracer and Salicylate Transport for Sterile Conditions
[33] The breakthrough curves obtained for PFBA, the nonreactive tracer, were sharp and symmetrical for all three media, and mass recovery was complete (data not shown). These results indicate ideal hydrodynamic conditions for the packed columns. The calculated dispersivities obtained from model calibration of the PFBA breakthrough curves are approximately 3 -4 times larger for Vinton-M and Hayhook soils compared to Accusand, consistent with the differences in porous medium texture (see Table 1 ).
[34] The breakthrough curves obtained for salicylate were also sharp and symmetrical (data not shown). Mass recovery was complete, indicating no abiotic loss mechanisms for salicylate in these systems. No retardation was observed for salicylate transport in Accusand, and slight retardation was observed for transport in Hayhook and Vinton-M. These results are consistent with those from the batch sorption experiments. On the basis these results, sorption-associated bioavailability constraints are unlikely for these systems.
Salicylate Biodegradation and Transport
[35] The salicylate breakthrough curves obtained for the four replicate experiments conducted with RB1353-inoculated Accusand are shown in Figure 1 . The breakthrough curves are relatively similar, indicating reasonable reproducibility. It is important to note that a constant-concentration solution of salicylate was injected for approximately 17 pore volumes for the experiments. Thus the observation of relative effluent concentrations less than one indicates mass loss due to biodegradation. In addition, the nonsteady concentrations indicate temporal variability in biodegradation potential. Approximately 85% of the salicylate introduced into the columns was degraded based on mass balance calculations.
[36] The relative effluent concentrations for all cases reached values close to 1 within the first pore volume, indicating a delay in the onset of significant substrate consumption. Such delays can be caused by lag processes that delay the initiation of biodegradation, and by low initial cell densities (which limit initial substrate demand). The results of prior experiments have shown that the delay in substrate consumption for the RB1353-Accusand system is due primarily to metabolic lag, i.e., the time required for induction and synthesis of appropriate enzymes necessary for biodegradation of salicylate . After a few pore volumes, salicylate concentrations declined sharply as the bacterial population exited the lag phase and attained the maximum biodegradation potential associated with the initial cell density. The impact of lag on salicylate transport behavior ended at approximately 6 pore volumes, as is qualitatively denoted by the distinct change in slope of the salicylate breakthrough curves (Figure 1) . The salicylate concentrations exhibited a moderate decline after completion of the lag phase effects. This nonsteady behavior indicates that there was a continued increase in substrate demand with time, due presumably to an increase in cell density (i.e., population growth). This is consistent with the microbial growth estimates, which showed increases in cell numbers of approximately 60 to 450% (Table 2) .
[37] The salicylate breakthrough curves obtained for the replicate experiments conducted with RB1353-inoculated Hayhook soil are shown in Figure 2 . The breakthrough curves are relatively similar, indicating reproducibility, as was observed for the RB1353-inoculated Accusand experiments. Peak relative effluent concentrations of 0.5 -0.6 were observed, indicating shorter delays in the onset of substrate consumption compared to the Accusand system. This likely reflects the higher initial cell densities associated with the RB1353-Hayhook system (discussed below). Approximately 90% of the salicylate introduced into the columns was degraded based on mass balance calculations.
[38] The salicylate breakthrough curves obtained for the replicate experiments conducted with the indigenous Hayhook system are shown in Figure 3 . In contrast to the two inoculated systems discussed above, the breakthrough curves for the indigenous system replicates are not similar. In addition, the breakthrough curves exhibit steady state profiles during the initial portion of the experiments. The extent of the steady state region, wherein effluent salicylate concentrations are relatively constant, varies from experiment to experiment. Similar results are observed for the Vinton-M system (see Figure 4) . Approximately 16 to 64% of the salicylate introduced into the columns was degraded for the four Hayhook experiments, and 70 to 85% for the three Vinton-M experiments.
[39] The greater variability among the results of replicate experiments observed for the two indigenous systems is attributed primarily to greater variability of microbial system properties, such as initial cell density, metabolic status, and community composition, for these two systems. In contrast to the indigenous systems, the metabolic status (e.g., growth stage) of the inoculated population was well defined due to the use of controlled, pure-culture growth conditions. In addition, the variability of initial cell densities was relatively small for the two inoculated systems. Conversely, initial cell densities varied by a factor of four for the Vinton-M replicates and by almost two orders of magnitude for the Hayhook replicates (Table 2) . Lastly, whereas the inoculated systems comprised a single, well-characterized isolate, the indigenous systems contained multiple-population communities wherein multiple salicylate degraders are present. For example, an analysis of eight samples collected from different locations within the 12-L reservoir containing the Hayhook soil showed that culturable microbial counts ranged over 2.5 orders of magnitude, and that different microorganisms were present (based on morphological analysis) in the various samples.
[40] The influence of differences in initial cell density on transport behavior is illustrated by the results obtained for the Hayhook indigenous system. Inspection of Figure 3 and Table 2 reveals that the length of the steady state period observed for the breakthrough curves correlates inversely with the initial cell density. For example, experiment A has the largest initial cell density and shortest steady state period, whereas experiment C has the smallest initial cell density and longest steady state period. Such a correlation is not observed, however, for the Vinton-M system. For example, experiment B has the lowest initial cell density and also the shortest steady state period. This latter behavior indicates that other factors in addition to differences in initial cell density contributed to the observed replicate variability.
Population Growth and Cell Transport
[41] Moderate levels of population growth occurred for the inoculated Accusand system in the presence of salicylate (Table 2) . Conversely, no growth was observed for the four complementary control experiments wherein the Accusand columns were flushed with MSB solution (no salicylate). In contrast, similar levels of growth were observed for the salicylate and control experiments for both indigenous systems. This indicates carbon compounds that can support growth in the absence of salicylate were present in the Hayhook and Vinton-M soils, which is not surprising given their levels of soil organic carbon. Minimal population growth was observed for the Hayhook inoculated experiments. This is related to the larger initial cell densities associated with this system compared to the other systems. The initial cell densities of total culturable bacteria were similar ($10 7 CFU/g soil) for all four systems. However, populations capable of degrading salicylate composed only a fraction of the total community for the two indigenous systems. Thus the initial cell densities of salicylate degraders were typically an order of magnitude lower ($10 6 ). For the RB1353-inoculated Accusand system, approximately 75% of the initial cells were eluted during the MSB preflush prior to the injection of salicylate solution. Thus the cell densities were almost an order of magnitude lower at the onset of biodegradation. Conversely, cell elution was minimal during the MSB preflush for the Hayhook-inoculated system. Thus the amount of cells produced from growth for the Hayhook-inoculated system was negligible compared to its order of magnitude larger initial cell density.
[42] The significance of cell transport and elution varied greatly among the systems. Greater than 99% of all cells were associated with the porous medium grains for the Hayhook-inoculated system and for both indigenous systems. Thus cell transport and elution had no measurable impact on biodegradation and transport of salicylate for these three systems. Conversely, cell transport and elution was significant for the Accusand system. The greater retention of cells observed for the Hayhook and Vinton-M soils is likely due to a combination of attachment and straining. With respect to cell attachment, both Hayhook and Vinton-M have organic carbon and clay mineral contents that are significantly greater than those of Accusand, and would thus be expected to have greater attachment potentials [Jordan et al., 2004] . The results of recent research indicate that straining can influence colloid transport, depending on grain size distribution, grain morphology, packing, and other factors [e.g., Bradford et al., 2002 Bradford et al., , 2003 Sirivithayapakorn and Keller, 2003; Tufenkji et al., 2004] . On the basis of the pore size distributions for the three porous media reported in Table 1 , and assuming a nominal diameter of 1 mm for the bacterial cells, it is unlikely that cell transport in Accusand was significantly influenced by straining, whereas it most likely was for Hayhook and Vinton-M soils. Thus weak surface attachment is hypothesized as the sole retention mechanism for the Accusand system.
Mathematical Model Simulations
[43] A representative comparison of calibrated model simulations and measured breakthrough curves is presented in Figure 5 . The measured breakthrough curves were simulated successfully with the mathematical model. The systems used for these experiments represent a range of porous medium and microbial properties, and the success of the model for these varied systems suggests that the model provides a good description of the coupled processes influencing biodegradation and transport in the systems.
[44] A further test of model performance was provided by simulating the results of the additional set of RB1353-inoculated Accusand experiments wherein salicylate injection concentration, pore water velocity, and initial cell density were varied (Table 3) . The magnitude and rate of biodegradation, and the resultant salicylate transport behavior, varied significantly as a function of conditions for this set of experiments. Population growth was significant for some experiments, and not for others (Table 3 ). The measured breakthrough curves were simulated successfully with the mathematical model (data not shown), again suggesting that the model provides a good description of the coupled processes influencing biodegradation and transport for this system.
[45] Uncertainty in optimized parameters obtained from model calibration results from several factors, as noted above. For this study, the primary factors contributing to overall parameter uncertainty are the model calibration process, uncertainty associated with measured biokinetic input parameters (K c , Y, and M 0 ), and variability among replicate experiments. The latter two factors are both forms of measurement uncertainty. The relative significance of these three factors will be evaluated by assessing their impact on model output.
[46] Regarding the model calibration process, the model simulations were very sensitive to the three fitted parameters, m max , t lag , and s lag , as reflected in the narrow confidence intervals associated with their optimized values for the individual experiment calibrations. This sensitivity is illustrated in Figures 6a and 6b , which show the impact of a 10% level of uncertainty in the three fitted parameters for two representative cases. The first case is for the Hayhookinoculated system (Figure 6a ), the only system for which there was minimal population growth. A 10% change in the three biokinetic parameters produces simulations that clearly deviate from the optimized simulation and from the measured data. The deviation is even greater for the second case, Hayhook indigenous (Figure 6b) , a system for which population growth was significant. These results suggest that the calibration process provided robust optimizations, and indicate that the degree of parameter variability associated with calibration uncertainty is small.
[47] The model calibrations were conducted using independently determined values for K c , Y, and M 0 . The level of uncertainty associated with these input parameters is somewhat greater than that typically associated with physical property measurements (e.g., bulk density, porosity, pore water velocity) for laboratory systems. For example, inspection of Tables 2 and 3 reveals that uncertainty in measured initial cell densities ranged from less than 10% to greater than 20%. The impact of uncertainty in the microbial-related input parameters on model output is illustrated in Figures 7a and 7b for the Hayhook-inoculated and Hayhook indigenous systems, respectively. Three simulations are presented for each case, one produced using the mean values of K c , Y, and M 0 reported in Tables 2 and 4 , and two others produced using the upper and lower values associated with the 95% confidence intervals. All other parameter values remained the same for each simulation. Both cases exhibit a small but measurable degree of variability in the simulated breakthrough curves, more so for the system with population growth. This degree of variability had relatively minimal impact on the uncertainty associated with the calibrated biokinetic parameters. For example, the results of sensitivity analyses showed that a 20% level of uncertainty in initial cell density resulted in an approximately 5% uncertainty in the optimized maximum specific growth rate coefficient.
[48] The values for m max , t lag , and s lag obtained from model calibration to the measured breakthrough curves are listed in Table 5 . There is a relatively large degree of variability in the three biokinetic parameters among each set of replicate experiments, particularly for the lag time mean and variance. The variability in calibrated parameters among each set of replicate experiments is significantly greater than the parameter uncertainty associated with the individual experiment calibrations and the measured input parameters, and thus has a much greater impact on model output. This is illustrated in Figures 8a and 8b for the Hayhook-inoculated and Hayhook indigenous systems, respectively. Three simulations are presented for each case, one produced using the mean values of maximum specific growth rate coefficient, mean lag time, and variance of lag time reported in Table 5 , and two others produced using the upper and lower values associated with the 95% confidence intervals for the replicate set. All other parameter values remained the same for each simulation. There is clearly a great range in simulated biodegradation and transport behavior for both cases, more so for the system with population growth. The variability in the calibrated parameters observed among the replicate experiments is attributed primarily to the microbial system variability associated with these systems, as noted above.
[49] Inspection of Table 5 reveals that the confidence intervals associated with the calibrated biokinetic parameters obtained from the column experiments overlap those Figure 6 . Influence of calibration uncertainty on model output: (a) Hayhook-inoculated system; (b) Hayhook-indigenous system. The solid line is the calibrated simulation. The ''lower'' and ''higher'' simulations are produced using values for m m , t lag , and s lag that differ by 10% from the mean calibrated values. Values are selected to maximize the differences in the magnitude of biodegradation; that is, the ''lower'' simulation maximizes a decrease in biodegradation (smaller m m , larger t lag and s lag ), whereas the ''higher'' simulation maximizes an increase in biodegradation (larger m m , smaller t lag and s lag ). associated with the batch-measured values (Table 4) . Given the level of uncertainty demonstrated for both the column-and batch-determined parameters, it appears that there is reasonable correspondence between them. This correspondence is another piece of evidence supporting the validity of the mathematical model used to represent transport. Interestingly, the maximum specific growth rate coefficient exhibits a relatively small degree of uncertainty for both batch and column systems, whereas greater uncertainty is associated with the lag time mean and variance. One may conjecture that this difference reflects the fact that the maximum specific growth rate coefficient represents an inherent property of the microbial system (assuming a proper model is used), whereas the lag time mean and variance are Figure 7 . Influence of uncertainty in input parameters Y, K c , and M 0 on model output: (a) Hayhookinoculated system; (b) Hayhook-indigenous system. The ''mean'' simulation is produced using the mean values for Y, K c , and M 0 . The ''lower'' and ''higher'' simulations are produced using limiting values associated with the 95% confidence intervals. Values are selected to maximize the differences in the magnitude of biodegradation; that is, the ''lower'' simulation maximizes a decrease in biodegradation (smaller Y, larger K c , and smaller M 0 ), whereas the ''higher'' simulation maximizes an increase in biodegradation (larger Y, smaller K c , and larger M 0 ). The mean values and the associated 95% confidence intervals (in parentheses) are based on the individual optimized values obtained for all experiments in each replicate set. Thus the variability represents primarily the variability among all experiments within a given set.
b System employed the RB1353 isolate.
much more dependant upon extant conditions (e.g., metabolic status of the microbial population).
[50] As previously discussed, the extent of the steady state periods exhibited by the indigenous system breakthrough curves was observed to correlate inversely with initial cell density for the Hayhook system, but not for the Vinton-M system. The extent of the steady state period is influenced not only by initial cell density but also by the lag time mean and variance. For example, experiment B for Vinton-M had the lowest initial cell density, and also the shortest steady state period. The calibrated lag time mean and variance for this experiment were 0.8 and 0.3 h, respectively. Conversely, they were 6 and 1.8 h for experiment C, which had a larger initial cell density but the longest steady state period. These results suggest that one or more microbial system properties that influence lag were different among the replicate experiments, and that the differences contributed to the observed variability in biodegradation and transport behavior.
[51] The correspondence between batch-and columnderived parameters is especially interesting for the RB1353-inoculated Hayhook system, given the differences in batch and column conditions that existed for this system. The batch experiments for RB1353 were conducted using pure-culture conditions, with no porous media and no attendant additional carbon or nutrient sources. Conversely, as discussed above, the Hayhook soil has additional carbon sources as well as potential nutrient sources. Thus the pureculture conditions of the RB1353 batch experiments were not fully representative of the conditions associated with the Figure 8 . Influence of parameter variability associated with replicate experiments on model output: (a) Hayhook-inoculated system; (b) Hayhook-indigenous system. The ''mean'' simulation is produced using the mean values for m m , t lag , and s lag (Table 5 ). The ''lower'' and ''higher'' simulations are produced using limiting values associated with the 95% confidence intervals. Values are selected to maximize the differences in the magnitude of biodegradation; that is, the ''lower'' simulation maximizes a decrease in biodegradation (smaller m m , larger t lag and s lag ), whereas the ''higher'' simulation maximizes an increase in biodegradation (larger m m , smaller t lag and s lag ).
RB1353-inoculated Hayhook column experiments. Despite this difference, the batch-and column-derived biokinetic parameters were similar.
Summary
[52] The impact of microbial system variability on the biodegradation and transport behavior of a model solute was investigated. The four systems employed comprised a range of porous medium and microbial properties, and concomitantly exhibited a range of biodegradation and transport behavior. The biodegradation and transport behavior of salicylate exhibited a relatively small degree of variability for the two inoculated systems, and a larger degree of variability for the two indigenous systems. The greater variability observed for the two indigenous systems was attributed primarily to greater variability of microbial system properties, such as initial cell density, metabolic status, and community composition. A mathematical model incorporating cell growth, lag, and cell elution was used successfully to simulate the measured breakthrough curves. The calibrated values obtained for the maximum specific growth rate coefficient, the mean lag time, and the lag time variance exhibited a significant degree of variability among replicates. Reasonable correspondence was observed between the column-determined and batch-determined values for both the inoculated and the indigenous systems. Such correspondence would have been unlikely for the indigenous systems if cell densities had not been measured independently for each experiment, given their large degree of variability. The results reported herein illustrate that variability inherent to natural microbial systems can cause variability in transport behavior even under controlled laboratory conditions, and concomitantly enhance the uncertainty of biokinetic parameters obtained from laboratory studies. 
Notation
